Vale do Rio Doce shoot dieback (VRDSD) is an anomaly whose cause seems to be associated with hypoxic conditions and their consequences (excess Mn and Fe) triggered by elevation of the water table in areas with poor drainage. Different plants have distinct survival strategies under this form of stress. The objective of this study was to understand the physiological responses involved in the differential tolerance of eucalyptus clones to VRDSD and their relationship to hypoxia and excess Mn. A hydroponic experiment was carried out using a 2 × 2 × 2 factorial arrangement, two eucalyptus clones with different levels of tolerance to VRDSD (sensitive Urograndis hybrid -1213; and the tolerant Rio Claro hybrid -Eucalyptus grandis x unknown -2719), two concentrations of O 2 (8 and 4 mg L -1 ), and two Mn concentrations (1.39 and 300 mg L -1 ) in a randomized block design (RBD) with three replicates. Forty-day-old clones were maintained in Clark nutrient solution for 30 days. After this period, the treatments were applied for 11 days. Plant gaseous exchange shoot and root production, and the quantity of enzymes related to oxidative stress in leaves and roots were evaluated. In the tolerant clone, reactive oxygen species (ROS) were produced under hypoxic conditions, accompanied by reduction in production of dry matter, malondialdehyde (MDA), and in activity of the enzyme alcohol dehydrogenase (ADH). However, this clone had greater production of superoxide dismutase (SOD) under these conditions, an enzyme responsible for detoxification of ROS, which acts as part of the Low Oxygen Quiescence Syndrome (LOQS). In contrast, sensitive clones did not exhibit expressive reductions in growth or changes in the leaf/root ratio. These clones formed large quantities of adventitious roots and had high levels of MDA and ADH and low levels of SOD. Therefore, sensitive clones appear not to be prepared for detoxification of ROS and other toxic metabolites, but rather adopt morphological escape mechanisms, the Low Oxygen Escape Syndrome (LOES), in response to hypoxia. Thus, the period of soil waterlogging may cause the death of large numbers of roots in sensitive clones, limiting their ability to absorb water and nutrients and culminating in the death of these plants. Excess Mn seems to aggravate the damage caused by hypoxia, but it is not the causal agent of VRDSD.
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INTRODUCTION
Vale do Rio Doce shoot dieback in eucalyptus (VRDSD) occurs with higher intensity in soils located at the bottom of valleys (Inceptisols) and in soils of alluvial origin (Fluvisols) in locations with poor drainage (Leite et al., 2014) . In rainy periods, eucalyptus from the lower third to the middle third of slopes may exhibit symptoms that appear, predominately, in the apical region of the plants, unlike symptoms induced by Ca and/or B deficiency that are commonly reported in Cerrado (Brazilian tropical savanna) regions with planted eucalyptus (Gonçalves et al., 2016) . The symptoms of VRDSD, characterized by brown lesions, wilting, rapid leaf loss, and wrinkling and cracks on the lateral branches, evolve rapidly, leading to the death of the apical meristem and eventually the whole plant (Ferreira and Milani, 2002; Leite et al., 2014) .
According to Leite et al. (2014) , the hypoxic condition (low oxygen concentration) and its consequences (Mn and Fe toxicity) are the principle causes of VRDSD. Clones sensitive to VRDSD have high levels of Mn in the leaves. These authors assume that the highest intensity of symptoms observed at the age of establishment (third or fourth year after planting) are due to conditions favorable to disease development at that time. As the planted forest ages, developing greater leaf area, the transpiration rate increases, thus reducing the hypoxia condition by increasing the water flow through the system (soil/plant/atmosphere), such that VRDSD is not observed in plantations over four years old.
To overcome the problems caused by hypoxia, some plants adopt morphological escape mechanisms, known as Low Oxygen Escape Syndrome (LOES) (Voesenek and Bailey-Serres, 2015) . Such mechanisms have high energetic costs, as they are activated by specific genes and are commonly found in plants adapted to long periods of waterlogging. Phenotypic traits, found in plants tolerant to VRDSD, include the formation of aerenchyma, the development of adventitious roots, anatomical leaf modifications, and gas pressurization by the porous tissues (Voesenek and Bailey-Serres, 2015) . Eucalyptus camphora plants survived for 12 months in a waterlogged environment by forming adventitious roots and aerenchyma in the stem and roots (Greet, 2015) .
Another response to hypoxia in plants is known as Low Oxygen Quiescence Syndrome (LOQS) (Voesenek and Bailey-Serres, 2015) . The response of species with this characteristic is related to the mechanisms of quiescence, such as changes in metabolic pathways, increase in energetic efficiency, adjustment between the production and consumption of ATP, maintenance of cytosolic pH, and damage reduction by the elimination of reactive oxygen species (ROS) or other toxic compounds (Voesenek and Bailey-Serres, 2013) . Fermentation is an alternative pathway for the production of pyruvate under hypoxia, normally produced in the Krebs cycle, when oxygen is available. However, fermentation has disadvantages in relation to the aerobic pathway, such as lower ATP production, accumulation of toxic metabolites, and reduction in cytosolic pH (Paul et al., 2016) . The accumulation of metabolites, like lactate, alcohol, alanine, succinate, and even malate, are markers of active metabolic pathways (van Dongen and Licausi, 2015; Paul et al., 2016) .
Although ROS are normally generated during abiotic stress as an escape mechanism, their accumulation causes oxidative damage to cells, such as chloroplasts and lipid membrane degradation. According to Ma et al. (2016) , formation of ROS after three days of hypoxia caused a substantial loss in membrane selectivity, and these authors suggested that their formation is one of the first responses to hypoxia. Puyang et al. (2015) reported high degradation of the chloroplast after ROS generation, which was attributed to the chloroplast being the principal site of ROS production. Niu et al. (2017) reported the production of MDA, formed from lipid oxidation, as an indication of cell membrane damage due to ROS accumulation.
Rev Bras Cienc Solo 2018;42:e0160550 Finally, ROS production could also be associated with another consequence of hypoxia: excess Mn. Srivastava and Dubey (2011) reported high levels of ROS due to Mn toxicity in rice, which caused membrane damage. Consequently, enzymes of the antioxidant system, such as superoxide dismutase (SOD), guaiacol peroxidase (GPX), and glutathione reductase (GR), increased their activities, mitigating oxidative stress caused by Mn phytotoxicity. Similar reports were made by Chen et al. (2016) and Moradi et al. (2017) in soybean.
Most studies that differentiate the responses in LOQS and LOES are carried out regarding herbaceous plants. Few papers working with woody plants evaluated how the differential responses of these plants influence root survival in deep soil and, even less, their responses to wetting and drying cycles, which appear to be associated with VRDSD. Additionally, it is speculated that VRDSD represents the symptoms of the damage caused by hypoxia, which may be intensified by Mn excess in waterlogged conditions. Therefore, the aim of the present study is to understand the physiological responses involved in differential tolerance of Eucalyptus clones to VRDSD and their relationship to hypoxia and excess Mn.
MATERIALS AND METHODS
A 2 × 2 × 2 factorial arrangement with two clones, two levels of oxygenation, and two concentrations of Mn was conducted in a greenhouse of the Soil Science Department of the Federal University of Viçosa from October to November 2012. The two Eucalyptus clones, recognized as having different sensitivities to VRDSD based on field observations, were produced by Nipo-Brasileira Cellulose S/A: Urograndis hybrid-1213 sensitive to VRDSD, and Rio Claro hybrid (E. grandis x unknown -2719) tolerant to VRDSD. Oxygen was applied at two concentrations: normal (8 mg L , defined by previous experiments. The control treatment for both clones was defined as 8 mg L -1 O 2 and 1.39 mg L -1 Mn. The experiment was carried out in a randomized block design (RBD), with three replicates.
Initially, 40-day-old clones received half-strength Clark´s solution (Clark, 1975) at pH 5.5 with adequate oxygenation (8 mg L -1 ) for 15 days. After this period of adaptation, the plants received full strength Clark´s solution for another 15 days. At the end of this 30-day period, the treatments were applied. The O 2 concentration was gradually reduced at 6-hour intervals until a concentration between 4 and 6 mg L -1 was reached. Eleven days after application of the treatments, the plants were harvested and divided into young leaves, old leaves, stem, and roots. Samples of fully expanded leaves and roots were frozen in liquid N 2 and stored at -80 °C until needed.
Nutrient levels in plants
The plant material (young leaves, old leaves, stem, and roots) was dried in a forced-air oven at 72 °C until constant weight. The weight was recorded and the material ground. The levels of Mg, Ca, Fe, Cu, K, Zn, and Mn were determined after nitric-perchloric acid digestion using atomic absorption spectroscopy; K was analyzed by flame photometry. The nitrogen contents were determined by the Kjeldahl method, as described by Bataglia et al. (1983) .
Determination of gas exchange
Gas exchange was evaluated on the last day of the experiment, before material collection. The third or fourth completely expanded leaf from the apex of the orthotropic branch of the plants was used for this determination. The rates of net carbon assimilation (A), stomatal conductance (g s ), transpiration (E), and internal CO 2 concentration (C i ) were
Rev Bras Cienc Solo 2018;42:e0160550 measured between 7:00 and 11:00 a.m. under saturating artificial light (1,400 μmol m -2 s -1 ) and environmental CO 2 concentration using an infrared gas analyzer (IRGA), LICOR model 6400XT (LI-COR, Lincoln, NE, USA). In all the analyses, the quantity of blue light applied was 10 % of the photosynthetically active radiation (PAR), in order to maximize stomatal opening. More details were described by Cavatte et al. (2012) .
Determination of photosynthetic pigment levels
For evaluation of photosynthetic pigments, a 1 cm diameter leaf disc was placed in a glass tube with 7 mL of dimethylsulfoxide (DMSO) saturated with calcium carbonate and incubated in a water bath at 65 °C, in the dark, for 1.5 h. Absorbance was measured in a spectrophotometer at 665, 649, and 480 nm, as described by Wellburn (1994) .
Enzymes and compounds of the antioxidant complex
To determine the enzymatic activity of SOD and catalase (CAT), an enzyme extract was prepared by macerating frozen plant tissue (0.060 g of leaf or 0.100 g of root) with 40 mg of PVPP (polyvinylpyrrolidone) in a chilled pestle and mortar. After that, 1 mL of pH 7.8 sodium phosphate buffer (100 mmol L -1 and 1 % Triton X-100) was added. The macerated material was centrifuged at 15,000 g for 20 min at 4 °C, and the supernatant was used for analysis of enzyme activity and quantification of total soluble proteins, as described by Bradford (1976) .
Superoxide dismutase (EC 1.15.1.1) activity was measured by adding 30 µL of diluted (1:10) enzyme extract to 220 µL of reaction mixture containing 50 mmol L -1 sodium phosphate buffer (pH 7.8), 13 mmol L -1 methionine, 75 µL p-nitro blue tetrazolium (NBT), 0.1 mmol L -1 EDTA, and 2 µmol L -1 riboflavin. The reaction was carried out in an ELISA multi-well plate at 25 °C under fluorescent lighting (45 W). After 7.5 min exposure to light, the illumination was interrupted, and the formazan blue produced by the NBT photo-reduction was quantified in a spectrophotometer at 560 nm. The control reaction was kept in the dark for the same period (Giannopolitis and Ries, 1977) . One unit of SOD is defined as the quantity of enzyme necessary to inhibit 50 % of the NBT photo-reduction (Beauchamp and Fridovich, 1971 ).
Catalase (EC 1.11.1.6) activity was determined by the consumption of H 2 O 2 measured by the decrease in absorbance at 240 nm in 2 min, according to the method described by Aebi (1983) . The reaction mixture is a 50 mmol L -1 potassium phosphate buffer (pH 7.0), with H 2 O 2 at 40 mmol L -1 and 100 μL of the diluted enzyme extract (1:10), adjusted to a final volume of 1 mL. The control was the same reaction mixture without the enzyme extract. The calculations used the molar extinction coefficient of 36 mM -1 cm -1 , and a unit of catalase is defined as the quantity necessary to reduce the amount of H 2 O 2 at a rate of 1 µmol min
The total antioxidant capacity was determined by the Ferric Reducing Ability of Plasma (FRAP) method, as described by Benzie and Strain (1996) . Leaf and root tissues (0.050 and 0.100 g, respectively) were macerated with PVPP using a chilled pestle and mortar, and 1 mL of extraction sodium phosphate buffer [50 mmol L -1 (pH 6.8), 1 % Triton X-100, and 0.1 mmol L -1 EDTA] was added. The samples were centrifuged at 12,000 g for 10 min at 4 °C, and the supernatant was collected. The reaction mixture was prepared at a 10:1:1 ratio composed of 300 mmol L -1 acetate buffer (pH 3.6), 10 mmol L -1 2,4,6-Tris (2-pyridyl)-s-triazine (TPTZ) dissolved in 40 mmol L -1 HCl, and 20 mmol L -1 FeCl 3 . A volume of 2.5 µL of the enzyme extract for the roots or 5 µL of the diluted solution (1:100) were added, and the final reaction volume was completed to 300 µL in the ELISA plate wells. A standard curve using known FeCl 2 concentrations was prepared and incubated for 5 min at 37 °C, and absorbance was read at 593 nm. Total antioxidant capacity was expressed as µmol g -1 of dry matter.
Rev Bras Cienc Solo 2018;42:e0160550
Determination of oxidative damage
Leaf and root tissue (0.050 and 0.100 g, respectively) were macerated with 40 mg of PVPP using a chilled pestle and mortar. After the addition of 1 mL of extraction buffer containing 0.1 % (w/v) trichloroacetic acid (TCA), the samples were centrifuged at 12,000 g for 15 min at 4 °C. A volume of 500 μL of the supernatant was added to 1.5 mL of TCA 20 % (w/v) containing 0.65 % (w/v) of TBA (thiobarbituric acid) in a test tube with a screw top. The samples were vigorously mixed and incubated at 95 °C for 25 min in the dark and then cooled rapidly in an ice bath. After cooling the samples were centrifuged at 3,000 g for 10 min and the absorbance of the supernatants was read at 440, 532, and 600 nm in an ELISA plate reader. Calculations were made as suggested by Du and Bramlage (1992) .
Hypoxia-responsive enzyme activity
The quantity of 0.110 g of frozen root tissue was macerated with 40 mg of PVPP in a chilled pestle and mortar. Then 1 mL of extraction buffer [50 mmol L -1 potassium phosphate (pH 7.0), 1 % Triton X-100, 10 mmol L -1 DTT (dithiothreitol), 1 mmol L -1 PMSF (phenylmethylsulfonyl fluoride), 10 mmol L -1 MgCl 2 , and 1 mmol L -1 EDTA] was added. The material was centrifuged at 12,000 g for 15 min at 4 °C and the supernatant removed and aliquoted for enzyme analyses and quantification of total soluble proteins, as described by Bradford (1976) .
The activity of Alanine Transaminase (AlaT; EC 2.6.1.2) was quantified as described by Good and Muench (1992) . The reaction mixture was 100 mmol L -1 Tris-HCl (pH 8.0), 0.2 mmol L -1 NADH, 20 mmol L -1 L-Alanine, 1 unit of Lactate dehydrogenase, 30 µL of the enzyme extract, and 10 mmol L -1 2-oxyglutarate (Start). To calculate the activity, the molar extinction coefficient of 6.22 mM -1 cm -1 was used, and one unit of AlaT was defined by the oxidation of 1 µmol min -1 of NADH.
The activity of Aspartate Transaminase (AspT; EC 2.6.1.1) was quantified using the method described by Griffith and Vance (1989) . The reaction mixture was 100 mmol L -1 Tris-HCl (pH 8.0), 0.2 mmol L -1 NADH, 20 mmol L -1 L-Asparate, 30 µL of the enzyme extract, and 10 mmol L -1 2-oxyglutarate (Start). To calculate the activity, the molar extinction coefficient of 6.22 mM -1 cm -1 was used, and a unit of AspT was defined by the oxidation of 1 µmol min -1 of NADH.
The activity of Alcohol dehydrogenase (ADH; EC 1.1.1.1) was quantified using the method of Kogawara et al. (2006) . The reaction mixture contained 50 mmol L -1 Tris-HCl (pH 8.0), 2 mmol L -1 DTT, 0.25 mmol L -1 NAD + , 30 µL of the enzyme extract, and 5 % ethanol. The activity was quantified by the direct oxidation of ethanol. To calculate the activity, the molar extinction coefficient of 6.22 mM -1 cm -1 was used, and a unit of ADH was defined by the oxidation of 1 µmol min -1 of NADH.
The data obtained were analyzed statistically according to an RBD, with the treatments arranged in a 2 × 2 × 2 factorial arrangement with two clones, two levels of oxygenation, and two concentrations of Mn, with three replicates. The data obtained were subjected to analysis of variance (Anova) and the means were compared using the F test (p≤0.05), with the help of Microsoft Excel ® (Microsoft, Seattle, USA) software.
RESULTS
Dry matter production and root formation
The initial size of the plants used in the experiment was not the same, with the clone sensitive to VRDSD (1213) visibly bigger than the tolerant clone (2719). These differences were expected to reduce through the experiment, but this did not occur. Thus, at the end of the experiment, in all treatments, the sensitive clone (1213) had a higher final dry matter weight. For that reason, these data are presented in a proportional value, comparing the effects of the treatments in relation to the control treatment (without hypoxia and with normal Mn concentration) for each clone.
The sensitive clone had a lower reduction in growth (approximately 9 %), whereas the tolerant clone exhibited a more pronounced reduction (approximately 44 %) under hypoxia. Manganese did not significantly influence any of the treatments (Figure 1) . For the roots, the behavior between the clones was similar. Both had losses greater than 40 % in dry matter production under hypoxia (Figure 1) . Again, no significant differences were observed in the presence of Mn.
This difference in response between the production of leaves and roots led to a difference in the relationship between leaves and roots under hypoxia. While the tolerant clone (2719) maintained the proportion, with a decline in the treatments under hypoxia (an average of 13.5 %), the sensitive clone exhibited an average increase of 67 % in this ratio.
In both clones, the formation of adventitious roots was observed; however, the intensity and frequency of this growth was greater in the sensitive clone (Figure 2 ).
Nutrient levels in plants
Hypoxia stimulated significant reductions in the levels of macro-and micronutrients, especially in the aboveground part, reaching contents considered low for Zn, Fe, and Mg (Table 1) 
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In both clones, hypoxia reduced Mn levels in young leaves by 34.1 % for the tolerant clone and 44.1 % for the sensitive one. Under hypoxia, in the presence of excess Mn, the Mn levels in the roots of the tolerant clone increased from 3,055 to 4,169 mg kg -1 and, in the sensitive one (1213), from 2,535 to 6,014 mg kg -1 .
Photosynthetic rate, gas exchange, and pigments
The photosynthetic rate in both clones behaved similarly, with significant reductions (37 %) caused by hypoxia, with no apparent effects from Mn (Figure 3) . The same happened with stomatal conductance, which was 70 % lower in relation to normoxia (normal oxygen levels). However, internal CO 2 did not exhibit the same changes in these treatments. The chlorophyll level behaved similarly in both clones, with reductions up to 12.92 % caused by hypoxia, with no significant effects from Mn. However, these reductions did not change the chlorophyll a/chlorophyll b ratio (Figure 3) . Although normoxia did not induce an increase in this metabolite in the tolerant clone (2719), in the sensitive one (1213), under conditions of low concentration of Mn, there was an increase, with an average value of 45 nmol g -1 (Figure 4 ).
The tolerant clone (2719) under normoxia and both Mn concentrations showed higher SOD activity in leaves (29.6 % higher) compared to the sensitive clone (1213) under the same conditions (Figure 4) . However, levels of catalase in the leaves did not differ between clones, with small variations among treatments. Hypoxia caused increases of around 50 % in total antioxidant capacity, while the treatment with excess Mn (300 mg L -1 ) had values that were, on average, 20 % lower in both clones.
Cell damage, antioxidant complex, and fermentative enzymes in roots
The level of MDA in the roots of the tolerant clone (2719) was stable in all the treatments ( Figure 5 ). In contrast, in the sensitive clone (1213), MDA levels were influenced by hypoxia and the higher Mn application rate (300 mg L -1 ). In the treatments under hypoxia with excess Mn, the sensitive clones had MDA levels that were, on average, 100 % higher than in the tolerant clone. Excess Mn in the roots of the sensitive clone under hypoxia increased MDA levels by 50 %.
The SOD activity in the roots was 38 % higher in the tolerant clone (2719) than in the sensitive clone (1213) under hypoxia at the higher Mn application rate ( Figure 5 ). While the tolerant clone had slightly higher total antioxidant capacity in roots, under normoxia, it showed lower SOD activity and a lower total antioxidant capacity, similar to roots in the sensitive clone under hypoxia. The sensitive clone showed higher ADH activity in roots under hypoxia compared to the tolerant clone ( Figure 5 ). However, AlaT and AspT had similar responses in both clones.
DISCUSSION
Higher production of dry matter in the sensitive clone compared to the tolerant one ( Figure 1 ) was explained by the escape mechanism adopted by these plants. Whereas the sensitive clone used LOES, as evidenced by the greater formation of adventitious roots in this plant (Figure 2 ), the tolerant clone used LOQS, using differentiated metabolic routes. Even though alternative metabolic routes ensure survival under stress, they have disadvantages, including lower production of ATP and accumulation of toxic metabolites, resulting in less growth for these plants (Voesenek and Bailey-Serres, 2015) . The higher leaf/root ratio of the susceptible clone under hypoxia is contrasted by leaf production cessation in the tolerant clone, which does not occur in the sensitive clone (Figure 2 ), a common escape strategy for this plant (Voesenek and Bailey-Serres, 2015) .
Lower values of MDA and higher values of SOD in leaves and roots are in agreement with the lower dry matter production of the tolerant clones and the escape mechanism used (LOQS). Malondialdehyde is a compound produced by lipid oxidation, characteristic of ROS formation, while SOD is the first ROS detoxification enzyme to be induced (Voesenek and Bailey-Serres, 2013) . Thus, the higher production of SOD in the tolerant clone corroborates the hypothesis that such plants have a greater ability to avoid the formation of ROS, as well as to detoxify them. In addition to higher production of ROS in tolerant clones, there is also greater accumulation of these metabolites in certain parts of the plant (Wang et al., 2016) . These authors found concentrations up to three times higher in the elongation zone (roots) compared to the concentrations found in the mature part (shoot). Bailey-Serres et al. (2012) observed that the plant with a quiescent response had higher antioxidant activity, as well as lower oxidative damage in the submerged tissues.
Higher ADH in the tolerant clone also corroborates the hypothesis of the predominant quiescent response of these plants. Plants with quiescent responses temporarily intensify the activity of this enzyme, which decreases in the following days (Ismail, 2013) . Similarly, ADH activity that intensified in the first few days in the submerged tissue of açaí palm was observed by Gonçalves et al. (2010) .
However, differential fermentation rates do not directly confer greater tolerance to hypoxia. Thus, there is also a relationship between an increase in cell damage and increased ADH activity, since the inverse reaction may occur, producing acetaldehyde (Wu et al., 2015) . These escape responses may offer a palliative solution for the sensitive clone (1213), which allows survival during the period of hypoxia, but this makes the plant more susceptible to subsequent water deficit (Voesenek and Bailey-Serres, 2015) . During waterlogging, sensitive plants loose a large part of their deep root system, but maintain the aboveground part. After waterlogging, comes a period of intense evapo-transpiration, in which the reduced root system is not able to meet this demand for water, culminating in symptoms of VRDSD and plant death.
Significant reductions in macro-and micronutrients in the leaves were influenced by defense mechanism commonly observed in several species subjected to high concentrations of nutrients and characterized by the formation of binding sites in the root cell walls (Reichman, 2002; Gandini et al., 2017) . Thus, for toxic levels of Zn and Cu, for example, higher contents of these nutrients are observed in the roots. Therefore, it is possible that the clones subjected to an excessive application rate of Mn, produced a greater number of binding sites in response. The accumulation of Fe in the roots was observed in a similar experiment using the same clones as in this study (Lacerda, 2013) .
Reduction in nutrient uptake capacity causes reductions in the aboveground part. This is partially explained by a decrease in water absorption, which reduces transport. Another contributing factor is a decrease in active uptake by the roots, caused by the limitation of available energy after glycolysis reduction (Parent et al., 2008; Marschner, 2011; Tóth, 2016) . A quiescent root tissue should reduce energy expenditure to a minimum, as well as the active uptake of nutrients.
Manganese seems to play a secondary role in these phenomena as a consequence of hypoxia, and its damage intensifies during water deficit. Along with reduction in uptake of other nutrients by hypoxia, the high leaf/root ratio, and the lower uptake of water and nutrients in the dry period due to lack of deep roots comes an increase in the Mn/Mg ratio, which may intensify leaf damage (Le Bot et al., 1990; Davis, 1996) , causing early senescence.
Reductions in photosynthetic rate and stomatal conductance were not attributed to CO 2 deficiency for either clone, since the internal CO 2 did not undergo such changes. Trees in tropical areas with seasonal floods have a similar response (Rengifo et al., 2005) , with a reduction in photosynthetic rate and stomatal conductance, but an accumulation of starch in leaves. The accumulation of starch and sugars in leaves compromises photosynthetic efficiency due to feedback-inhibition (Kreuzwieser et al., 2004; Dalberto et al., 2017) .
The normal chlorophyll a/chlorophyll b ratio corroborates the stable internal CO 2 values (Figure 3 ). Since light energy was not reduced, it can be concluded that the reduction in photosynthetic rates is caused by other limiting factors. A limitation in the activation or action of Rubisco, imbalances in the Calvin cycle, or even feedback-inhibition due to sugar accumulation may have occurred, resulting in this decrease. Feedback-inhibition by the accumulation of photoassimilates is commonly observed in plants with roots under hypoxia (Kreuzwieser et al., 2004; Rengifo et al., 2005) . Regardless of the form of photosynthetic inhibition, excess light energy must be adequately dissipated or it may cause cell damage (Carvalho and Amancio, 2002; AbdElgawad et al., 2016) .
The high antioxidant capacity of the leaves, which was higher in the treatments with hypoxia than those treated with Mn, demonstrates that both clones respond to stress and the damage caused by Mn is minimal in comparison to that caused by hypoxia. Prunus cerasifera L. clones (Pistelli et al., 2012) tolerant and sensitive to hypoxia had high total antioxidant capacity in the leaves when the roots were under hypoxia. Lacerda (2013) demonstrated that the damage caused by hypoxia in the roots of these same clones was faster and more intense than the damage under high Mn concentrations.
CONCLUSIONS
Mechanisms of VRDSD tolerance appear to be related to and activated by hypoxia, since the morphological and quiescence responses were triggered only after waterlogging. Furthermore, although excess Mn appears to intensify some responses, its role in this anomaly seems to be secondary. The differential behavior of these clones after the treatments confirms the difference between genotypes. The tolerant clone (2719) responded in a manner characteristic of LOQS, suspending growth, especially in the leaves, and redirecting its energies for defense against and prevention of leaf and root damage. However, the sensitive clone (1213) responded in a manner characteristic of LOES, promoting the formation of roots near the surface to maintain the growth of the above ground part of the plant. If, on the one hand, this clone manages to maintain its high growth rate without changing the leaf/root ratio, on the other, it is less efficient in damage prevention, which compromises the survival of its deep roots during the period of hypoxia (which eventually comes to an end), resulting in difficulty in taking up water and nutrients.
